Crack propagation in oxide glasses at low crack velocities is controlled by stress corrosion. Proper knowledge of the crack tip chemical environment is thus crucial to understand the slow fracture process of these materials.
INTRODUCTION
The study of crack propagation at slow velocity in oxide glasses is of great interest on both practical and fundamental bases. Long-term behavior of vitreous material is particularly important considering the large proportion of these materials used in architectural structures and their role in the encapsulation of nuclear wastes. On the fundamental aspect, slow advancing crack can be an accurate probe of the molecular structure of glasses.
Stress corrosion is known to control slow propagation of crack in oxide glasses. The preferential corrosive role of water molecules at the crack tip sustaining tensile stresses is generally acknowledged 1, 2, 3, 4 . Wiederhorn et al have developed a model that fits well the experimental data and shows how -in the stress corrosion regime -crack velocity is highly dependent on relative humidity 2, 3 , and can be limited by transport kinetics of the water molecules towards the crack tip. The physical and chemical environment in which stress corrosion takes place, as well as the mechanisms of transport of the water molecules towards the crack tip are less well-established 5 . Several experimentally observed behaviors 5, 6, 7 , such as effect of chemical composition, or disappearance of the transport-limited kinetics phenomenon, are still not accounted by Wiederhorn model. Under usual conditions of temperature and pressure, capillary condensation theory predicts the presence of a liquid condensate between the newly created surfaces of the crack which at the vicinity of the crack tip are only distant from a few nanometers 8 . Such a liquid condensate is classically acknowledged to account for the anomalous behavior that can be observed. Its presence will indeed influence largely the chemistry of the corrosion since direct contact between liquid water and glass will replace interactions between isolated gas water molecules and glass made uneasy inside the confined area created at the crack tip in a fragile material.
To our knowledge, observations of the condensate have not yet been reported by other teams. In situ observations that are necessary to reveal such a phenomenon are indeed difficult to perform with the required resolution. We reported previously evidences of the liquid condensate at a crack tip slowly propagating in a silica glass under variable relative humidity 9 . These evidences were obtained by Atomic Force Microscopy (AFM) in situ observations of the crack propagation. In this paper, we will presented for the first time the detailed interpretation of these evidences enabled by an extended analysis of the phase contrast.
EXPERIMENTAL
An experimental technique has been developed in the Laboratoire des Colloides, Verres et Nanomateriaux (LCVN) from the University of Montpellier to observe in situ by AFM the propagation of crack in glass at slow velocity under controlled environmental conditions, as described in a previous paper 10 . Samples of type III silica glass (Suprasil 311, Heraeus, Germany) with a bulk OH --content of 200 ppm have been studied using this technique. They were cut into 4x4x40 mm³ rods with a drilled hole of 1 mm diameter in the centre to fit with doubled cleavage drilled compression (DCDC) geometry. The surface was mechanically and chemically polished with CeO 2 to a RMS roughness of 0.25 nm for an area of 10x10µm².
DCDC technique allows to create mode I tensile cracks with highly controllable speeds in oxide glasses. For an applied stress σ, the stress intensity factor K I in our DCDC experiment is given by K I = σ a is the length of the crack 11 . The load cell has been interfaced with an AFM (D3100, Veeco) used in tapping mode to observe the intersection between the moving crack plane and the polished surface of the sample, as indicated in figure 1 . The neighborhood of the crack tip can thus be imaged for velocities from 10 -9 m.s -1 to ~10 -12 m.s -1 . Optical microscopy can be used to record higher crack velocities.
Generation and propagation of the crack were performed at 22.0±0.5 °C in a carefully controlled atmosphere of pure nitrogen and pure water vapor, which allows to vary relative humidity (RH) between ~ 1 % and 80 % (± 2 %).
RESULTS AND DISCUSSION

Phase contrast related to liquid layers
To explain how AFM can be used to track the presence of water on a surface, we will firstly review briefly the principle of tapping mode. Tapping mode is currently used to image the topography of surfaces, with lower wearing of both the sample and the tip, but can also be used to obtain information on the local mechanical properties of the surface 12 . The vibrating tipcantilever system can be modeled as a harmonic oscillator sustaining non-linear interactions with the surface of the sample. In tapping mode (also called amplitude modulation mode), this oscillator is driven at a chosen frequency ω, close to the resonance frequency ω 0 . The displacement z of the oscillator as a function of time can then be written as:
z(ω,t) = A(ω) cos (ωt+φ(ω)) (1) where A is the amplitude of the oscillations and φ the phase delay between the measured oscillation and the stimulation of the cantilever. For a cantilever without interaction with a surface, the phase decrease from 0 to -180° when the frequency goes from 0 to infinity and is equal to -90° at the resonance when ω=ω 0 . The amplitude of the oscillation during imaging (amplitude set point) is determined either automatically or by the operator. The feedback loop of the microscope is then used to maintain constant this amplitude by acting on the vertical position of the cantilever holder. Different signals can be recorded, among which: -The amplitude variation ΔA (error signal) which should be as low as possible if the parameters of the feedback loop are well defined.
-The vertical displacement of the cantilever, which gives essentially topographical information.
-The phase φ of the oscillator, which can be related to dissipative interactions between the tip and the substrate and thus yields useful information on the local mechanical properties of the surface, such as viscosity or adhesion.
The non-linear behavior of the oscillator is difficult to analyze in a quantitative way and focuses the efforts of many researchers 13, 14 . One of the main difficulties lays in the existence of multi-stable solutions for the response of the oscillator. These multi-stabilities have been frequently documented to explain the hysteresis commonly observed in amplitude-and phasedistance curves [13] [14] [15] . Typically, two stable modes of oscillation can be observed which corresponds to different interactions between the tip and the surface. One of these modes corresponds to an interaction which is mainly attractive, that means that during the oscillation the tip is not brought closely enough to the surface to feel the repulsive forces. This mode is also called "non-contact" mode. In the second mode, called "intermittent contact" mode, the tip comes closer to the surface and feels both the attractive forces and the repulsive forces. Figure 2 represents two theoretical typical amplitude-and phase-distance curves [13] [14] [15] [16] for a driven frequency chosen below the resonant frequency (ω<ω 0 ). Solid line curve corresponds to a pure "non contact" mode and dashed line curve to the transition between a "non-contact" and an "intermittent contact" mode. The two modes are easily distinguishable on the phase-distance curves. The "non-contact" mode, respectively the "intermittent contact" mode, corresponds to a phase which is below, respectively above, -90°. In both modes, the amplitude and the frequency of oscillations being constant, the power dissipated by the interactions between the tip and the surface is proportional 17 to sin(φ). An increase of dissipative interaction between the tip and the surface will thus corresponds in both modes to a phase closer to -90° (which means an increase of the phase in "non-contact" mode and a decrease of the phase in "intermittent contact mode). The interactions leading to the predominance of one or the others of these modes are not yet well-established, but the influence of relative humidity has been shown by several experiments 15, 18 . Under normal conditions of temperature and pressure, even at very low relative humidity (below 1%), silica glass and silicon tips are covered by a few layers of water molecules 19, 20 (layer thickness around 0.5 nm). An increase of the relative humidity leads to the formation of a thicker liquid film 8, 19, 20 (towards layer thickness of the order of the nanometer). When intermittent contact occurs, the minimal contact distance between the tip and the interface glass sample/water layer is d c = 0.165 nm 19 . For non-contact mode, in our experiments, the minimal distance between the tip and the surface has been found to be around d c +0.8 nm (around 1 nm). From these values, one can assume that in both modes, in our glass box, the water layers on tip and on glass will connect during the oscillation leading to formation of capillary neck and thus the existence of capillary forces. The strength of the capillary neck is dependent on the volume of water available 9 and so will be the dissipation induced by the formation and destruction of this neck. Another effect of the growth of water layer is that it makes purely attractive "non contact" mode become more and more predominant 15 .
Observations of the condensate at the crack tip and analysis
Tapping mode AFM observations of the crack tip have been performed during an overall cycle of variation of the relative humidity. The relative humidity as a function of time is shown in figure 3a . The velocity of the crack varied as a function of humidity and applied stress between 0.05 and 1 nm.s -1 . Figure 4 represents two phase images of the neighborhood of the crack tip at two levels of relative humidity of respectively 1% and 70%. On both images, the crack is vertical, propagating from top to bottom of the picture. The crack tip is characterized by a distinct area showing an important contrast of phase. On the left image, at low humidity, the contrast is negative, whereas on the right image, at high humidity, the contrast is positive. We will show that in both cases this contrast can be associated with an increase of the dissipation, revealing the presence of a liquid condensate at the crack tip.
Figure 3 -Curves of relative humidity (a), phase (b) and condensate length (c) vs time. In graph (b), the circles (solid line) correspond to the average phase on the silica glass the triangles (dashed line) correspond to the phase on the condensate.
Figure 4 -AFM phase images of the crack tip. (left) RH = 1% (right) RH = 70%.
The phase is coded in grey level and increases from black to white.
In figure 3b , the average phase on the silica surface (circles) has been reported as a function of time, in comparison with the maxima phase measured in the area of the crack tip (triangle). During the several weeks of the experiments, the amplitude set point, frequency and amplitude stimulation of the oscillation have varied, but in a range small enough for the variation of the phase to be analyzed qualitatively. The curve presents three areas:
-From day 0 to day 8, both the average phase on the silica surface and the maxima phase at the crack tip are higher than -90° (one point excepted for which the behavior is similar to the points in third area). The AFM works in "intermittent contact" mode. The phase in the area around the crack tip is closer to -90°: this area is more dissipative than the rest of the silicate surface.
-From day 8 to day 15, both the average phase on the silica surface and the maxima phase at the crack tip are lower than -90°. The AFM works in "non contact" mode. The phase in the area around the crack tip is still closer to -90°: this area is still more dissipative than the rest of the silicate surface.
-From day 15 to day 18, the AFM remains in "non contact" mode in the area around the crack tip but works in "intermittent contact" mode on the rest of the silicate surface.
From the explanation given in section 2.1, the variation of phase observed during the cycle of relative humidity variation can be well explained by condensation of water at the crack tip. For low relative humidity, at the beginning of the observations, the amount of water on the surface of the glass is quite low, for the set point amplitude which has been chosen, the AFM operates in "intermittent contact" mode. At the crack tip, the existence of a liquid condensate that has not been dried out by the preliminary drying of the set-up, entails an increase of the capillary dissipative interaction in this area. With the increase of relative humidity, the thickness of water layer on all the surfaces increase. When this thickness is large enough, the AFM switches to "non contact" mode. The area around the crack tip still holds a larger tank of water for capillary forces and we can observe that the dissipation is still larger in this area. The switch between the two modes of operation of the AFM explains the inverted contrast noticed in figure 4 . When the atmosphere is dried again, we can see that, after a certain delay, the AFM starts to operate in "intermittent contact" mode again on the silicate glass surface. Yet, it still works in "non contact" mode on the condensate. This leads us to think that the condensate has not been totally dried out.
The persistence of the condensate is confirmed by figure 3c , in which the length of the condensate along the longitudinal direction of the crack has been plotted as a function of time. The length of the condensate as deduced from raw AFM data has been corrected, taking into account propagation speed of the crack and drift of the AFM. Due especially to the difference of contrast between one mode and the other, the length is difficult to evaluate precisely and the error on the measurement have been evaluated to be of 20 nm. During the experiments, we can yet see that the condensate grows regularly with the increase of the relative humidity from 70 nm to 200 nm. When decreasing the relative humidity, the length begins to decrease but then stop at a size of around 140 nm even when the RH is below 1%. The size of the condensate has not been observed to start reducing more during the experiment presented in this paper. In the preliminary experiment performed on the same experimental device by Wondraczek et al 9 what seemed the beginning of the dry out of the condensate has been observed after 5 days in dry atmosphere.
Condensation of water is expected at equilibrium, between surfaces as close as the lips of the cracks near the crack tip. The curvature of a condensate meniscus r K is related to the relative humidity radius by the Kelvin equation 21 :
with γ, the surface energy of water; V, the molar volume of liquid water; T, the temperature and P/P 0 , the relative humidity. At ambient temperature, the Kelvin radius will be of the order of the nanometer. Considering the condensate to reach equilibrium (which is relevant since the crack velocity is very low), it can be expected to grow with relative humidity until a distance from the crack tip where the separation between the lips of the crack is around twice the Kelvin radius. The crack in the fragile materials is very sharp: the average angle formed by the lips of the crack can be estimated to be 2.5° from measurements of the width of the crack as a function of the distance from the crack tip. With such a geometry, condensate length should increase until around 50 nanometers. Taking into account the lateral overestimation of the length of the condensate due to the bluntness of the AFM tip, this order of magnitude is respected but the experimental (2) condensate is larger than expected. The difference between theoretical length of the condensate and the size of the phase contrast area requires further investigation on the adsorption and capillary behaviour of water at the crak tip. It is also useful to remark that the roughness of the crack new surfaces (of the order of the nanometer) will however play an important role in the size and in the dynamic of evolution of the condensate. Bocquet et al have shown long time dependencies and meta-stabilities of capillary condensate in wetted granular due to confinement of the system 22 . In a similar way, close-by rough fracture surfaces could certainly account for the difficulty to dry out the condensate.
CONCLUSION
All the results obtained by in situ phase imaging tends to confirm a mechanism of water condensation inside the crack tip, leading to the formation of a confined liquid condensate whose extent evolves with the ambient humidity around the crack. Such a condensation is classically assumed for low velocity crack propagation but had never been experimentally clearly evidenced. The experimental device developed at the LCVN has demonstrated its ability to follow the evolution of this liquid condensate under variable environmental and loading conditions. This is particularly promising since the existence of a condensate would have a crucial impact on stress corrosion mechanisms. On the purely mechanical point of view, liquid condensation implies the existence of a significant depression inside the condensate. The resulting forces on the crack lips across the whole width of the sample might lead to a non negligible effect of crack closure, directly dependent on the size of the condensate. More importantly, the presence of a confined condensate changes totally the chemistry at the crack tip. Velocity measurement as a function of the applied load have shown different behavior in humid air and in water 2, 5 . In low humidity, the presence of a plateau (region where the velocity does not increase with the applied load any more, usually called region II) is related to corrosive agent (water) transport limitation. Condensation of liquid water at the crack tip in the area where gas molecule mobility is usually limited by the narrowness of the crack might explain the gradual disappearance of the plateau when humidity increases. Different effects are expected according to the nature of the cracked glass, since the ion concentrations inside the confined condensate will clearly evolve through ion transfer and lead for instance to pH and surface energy of "water" changes or time-dependent behaviors. It would thus be interesting to study phosphate glasses for instance, where anomalous crack velocity measurements have been reported 6, 7 . Since the crack tip is the site of enhanced diffusion processes, as shown in sodo-silicate glasses by Marliere et al 22 , we can also wonder what will be the role of the condensate in these processes. Further experiments will be devoted to understand more precisely the kinetic of the condensate formation under various conditions of humidity and crack velocities. It is believed that experimental data on the liquid condensation at the crack tip will be of important help to further analyze the mechanisms of stress corrosion of oxide materials.
